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I. PURPOSE

The purpose of this contract {(Contract No. 951041) was to build two Low Input
Voltage Converters for use with direct energy conversion devices. In order to
evaluate the trade-off necessary to establish the desirability of utilizing a
single large capacity direct energy converter, in preference to several in
series, has resulted in this program to develop two models: one to operate

at 0. 6 volt, and one to operate at 2. 5 volts.

The program was aimed at minimizing the volume and weight as much as
possible and still retain the high efficiencies which have been achieved by

past models.



II. SUMMARY

20887
During the present program, two Low Input Voltage Converters were designed,
constructed, and tested. They were designed to have the lowest weight and
volume commensurate with the efficiency specifications. Both units met the
efficiency specification and both units made significant reductions in weight
and volume. The 2. 5-volt unit is approximately one quarter of the specifica-
tions limits for weight and volume. The 0. 6-volt system utilizes a new coaxial
design and is one-half the weight and one-third of the volume specified as
maximum. See Figures 1 and 2 for illustrative photos of the 2.5 - volt unit

and the 0. 6 - volt system, respectively.




Figure 1 - (a) ASSEMBLED, (b) OPEN VIEW; 2,5-VOLT LIV
CONVERTER




Figure 2

0. 6-VOLT COAXIAL LIV CONVERTER



III. PROJECT DETAILS

This project supported the design and fabrication of two quite similar units
during the same time interval using the same basic general philosophies.
Therefore, it is most convenient to discuss the project details first in a
general manner which applies to both systems, and then specifically for
each of the two systems, so that each of the differences can be properly

recorded,

A, GENERAL

The basic concept for Low Input Voltage Converters is shown in Figure 3.
Utilizing an input filter to help absorb the switching transients so they do

not reflect back to the line, the power is simultaneously applied to the power
oscillator and the starting circuit. The starting circuit is necessary to
guarantee proper starting of the oscillator at all temperatures and all load
conditions. When the power oscillator is in operation, the starting circuit is

disabled so it does not draw power.

An auxilliary frequency control circuit is utilized to maintain frequency control
and, thus, high efficiency of the power oscillator. The power is then fed to
the rectifier, output filter, and load. The output power is sensed and is
utilized for helping achieve high switching speeds in the transistor. This is
done by the pulse transformer that takes its input from the rectifier and feeds

back a signal to control the power oscillator.

B. DETAILED DESCRIPTION OF OPERATION

L. Blocking Oscillator Starting Circuit

The blocking oscillator starting circuit (Figure 4) is used only to start the
converter. When the converter is operating, a bias voltage supplied by winding

N4 on the power output transformer (T1) turns the blocking oscillator off. The

-5-
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blocking oscillator is turned off to avoid the introduction of transients during
converter operation and to minimize power dissipation in the circuit. However,
a current path exists (through the bias circuit) from the positive input lead,
through winding N4 and rectifying diodes CR 3-4 and through R1 back to the
negative input which results in power dissipation. This power dissipation

can be minimized by diminishing the turns of N4 and/or maximizing the
resistance of R1. The minimum number of turns of N4 is determined by the
minimum bias voltage necessary to maintain transistor Q3 off. The maximum
allowable resistance of R1 is limited by its effects on the starting characteris-
tics of the blocking oscillator.

The capacitor (C2) charging current passes directly through the transistor
(Q3) base, and the energy stored in the pulse transformer, while the transistor
is on, 1is used to start the converter when the transistor is off. When the
input voltage is greater than the emitter to base turn-on voltage of transistor
Q3, a base current will be established. This base current will initially include
the charging current of C2 as well as that current flowing through resistor Rl
back to the negative input lead. Thus, a collector current flowing through
winding N3 will be established with the capacitor charging current providing
base drive and also initially aiding collector current flow through transformer
action between N2 and N3. The increasing collector current induces a voltage
in N2 which regeneratively increases the capacitor charging base current,and
transistor Q3 saturates. When the transistor turns off, the energy stored in
the transformer core is coupled to the power oscillator through diode CRS5.
Although the blocking oscillator starts as soon as the input voltage is sufficient
to turn on Q3, there is not enough energy stored to turn the converter on until
the input voltage reaches the level previously indicated. The operation
described above provides reliable converter starting at low input voltages. This
circuit configuration makes it possible to reduce the power loss in the starting

blocking oscillator to an insignificant value when the converter is operating.



2. Power Oscillator

The basic power oscillator consists of transistors Q1 and Q2, transformers
T1 and T2, and inductor L1. Transformers T4 and T5, together with inductor
.2, were added to the basic circuit to improve the switching characteristics
and will be discussed separately. The starting circuit induces a pulse of
current flowing from emitter to base of transistor Q1, which in turn increased
the collector current of this transistor. A parallel path exists through winding
N1 of current feedback transformer T2 which induces a voltage across N2
tending to bias transistor Q2 further into cut-off. The resultant decrease in
collector leakage current of Q2 aids the starting of the power oscillator.

The increasing collector current in winding N3 of T2 induces a voltage back
into the base winding tending to turn Q1 on harder. Transistor Q1 is driven

into saturation and the first cycle of the oscillator is initiated.

When the power oscillator starts, a voltage is developed across winding N4

of output transformer T1, rectified by diodes CR3-4, and applied to the blocking
oscillator transistor Q3, turning if off. Thus the blocking oscillator stops
consuming power after it has performed its function. If, for any reasons,

the power oscillator stops while input voltage is still applied, the blocking

oscillator resumes oscillation and attempts to restart the power oscillator.

3. Frequency Control Circuit

The switching of the power oscillator is controlled by choke L1, When the
power oscillator switches, the voltage induced in winding N3 of transformer

T1 reverses and current starts to flow from N3 through ‘I.1 and winding N5

of transformer T2. The initial current through L1 is very small until the

core of L.l saturates. At this time, the current increases sharply, developing

a voltage in winding N5 of feedback transformer T2, This voltage opposes the
feedback voltage produced by the current in the collectors of the power oscillator
transistors in the conducting side, turning the conducting side ''off'' and the
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other side "on''. The core of the current feedback transformer does not

saturate during the time interval required to saturate the core of choke L.1,
so the core loss of T2 is kept low. The frequency depends upon the voltage
induced in N3 of transformer T1, so it is not constant but depends on input

voltage and load.

4, Switching Enhancement Circuit

Investigations have resulted in circuit improvements which reduced the
switching losses substantially and increased the over-all efficiency. This
improved switching enables operation at higher frequencies and results in

a substantial weight reduction in the LIV converters. Improved switching
characteristics have been obtained by back biasing the '"switching off"
oscillator transistor to a higher voltage during the switching interval. This
effectively diminishes the transistor storage time. Higher back bias is now
being accomplished by the use of small transformers which effectively
decouple the "switching off'"' transistor base from the feedback transformer
for a short period during the switching interval. These reactive components
consume very little power and, hence, accomplish rapid switching with high
efficiency.

The power oscillator circuit is analyzed in detail as follows: Assuming
transistor Q2 is conducting, current flows from the positive line through
primary winding NIB (T1) winding N4 (T2), the emitter collector junction
of @2, and then back to the negative line. Current flow through winding N4
(T2) energizes the core of T2 and this induces drive current in winding N2
(T2). Positive feedback of Q2 is provided by transformed T2 winding N2
through decoupling transformer T5 winding N2 to the base-emitter junction
of Q2. Back bias to Q1 is provided by winding N1 (T2) through decoupling
transformer T4 winding N2 to the base-emitter junction of Q3. An additional
back bias current path is provided by the resetting of choke coil L2 during
the switching interval.
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Transformers T4 and T5 respectively are utilized to decouple the ''switching
off'' transistor for a short period of time during the switching interval. This
decoupling enables one to back bias the transistor during turning off to a
voltage which is higher than that supplied through the transformer T2. The
voltage of transformer T2 is clamped to approximately 0, 55 volt by the
forward emitter-base voltage of the transistor which is conducting. The
application of the higher back bias voltages reduces the storage time and fall
time of the transistor by sweeping the stored carriers out of the base region
more rapidly. This, therefore, makes it possible to reduce oscillator

switching time, thereby minimizing the associated switching losses.

5. Cycle of Operation

Following the circuit response through one-half cycle, first assume transistor
Q2 to be conducting and to be midway through its conducting cycle (no switching
transients present). Winding N4(T2) is then serving as the drive winding for
current feedback transformer T2. Assuming that the voltage across N2 winding
on T5 is zero, the volts per turn on transformer T2 is being determined by

the forward emitter-base voltage of Q2 and N2 (T2). The volts per turn
established by N2 reflects as a back bias voltage to Q1 through winding N1 (T2),

The voltage across N2(T5) previously assumed to be zero is approximately
zero because the product of the Q2 base current and turns N2 is cancelled by
nearly equal opposing ampere turns in winding N1/T5), Output current from
T1 secondary (N2) forces the opposing current through winding N1 (T5).
Transformer T5 is so designed that the ampere turns in winding N1 are
greater than or equal to the ampere turns in N2, Therefore, if absolute
cancellation is not realized, the diode clamp across winding N4 (T5) will
limit the volts per turn induced to a very small value. This results in
essentially zero volts across winding N2. When transistor Q2 is switched ON,
the T1 secondary current flowing through winding N3 (T4) will induce a high
back bias voltage in winding N2 (T4) because the impedance of the back biased

-10-
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transistor (Q1) is high. Thus, the voltage per turn in T4 will be high and
this transformer will saturate shortly after the switching interval because
the voltage time integral of T4 is small. Thus, transformers T4 and T5
do not affect the circuit operation when it is in the quiescient non-switching
portion of the cycle.

The switching interval is initiated when switching reactor L1 saturates.

This results in the application of negative feedback power to T2 through
winding N5. This causes the rate of change of flux in the core to reverse.
The voltage induced in winding N2 reverses and thereby provides a back

bias voltage on Q2 and a forward bias voltage on Q1 through N1, When this
occurs, Q2 starts to switch off and Q1 starts to switch on. Because inter-
base inductor L2 tends to maintain constant current, it reverses its voltage
and resets. The energy stored in L2 maintains a current which flows out of
the inductor toward the common connection of the base of Q2 and N2 (T5),
and into the inductor from the common connection of the base of Q2 and N2
(T5), and into the inductor from the common connection of the base of Q1 and
N2 (T4). Winding N2 (T5) presents a considerable impedance to the current
pulse and effectively blocks current flow. This causes instantaneous decoupling
of winding N2 (T2). This allows the base of Q2 to be back biased to a higher
voltage by the resetting of L.2. In addition, when secondary current from

T1 begins to flow due to the conduction of Q1, the decoupling realized is
increased. This is accomplished as the T1 secondary current begins to

flow through windings N1 (T4) and N3 (T5). The ampere turns generated in
N1 (T5) results in an induced voltage which aids that caused by the resetting
of L.2 and provides a high back bias voltage to Q2. This effectively sweeps
out the stored carriers much more rapidly, resulting in considerably decreased
transistor turn off time. It is significant to note that prior to switching,

the T5 core had a small induced voltage (clamped to N4) which reset its

core during the previous half cycle. Since the core had been previously
reset, a high impedance was presented to the switching current during the
initial portion of the next half cycle.

-11-



Cornsidering the transistor (Q1 for this interval) turning on, it is obvious

the incorporation of the decoupling transformers (T4 for this interval)

also tend to aid transistor turn on. As stated previously, when the
transistors begin to switch, the energy stored in L2 maintains a current
which flows into L2 from the common connection of the base Q1 and N2 (T4)
when Q2 was conducting. Thisresetsthe T4 core so that it will oppose

the flow of inductor current during the switching interval. Since the inductor
current is now maintained through the base of Q1 this applies more forward
bias to transistor {(Q1). The maintenance of inductor current through

the base emitter junction of Q1 turns it on rapidly. This turn-on is also
aided by the drive current induced in winding N1 (T2) flowing through the emitter-
base junction of Q1 and completing its path through N2 (T4). The initiation
of T1 secondary current also aids theturn on of transistor Q1 because it
flows through winding N1 (T4) and induces aiding drive current in N2 (T4).
Thus, the forward drive applied to the Q1 base emitter junction is the sum
of drive current provided by the reactor L2, the pulse transformer winding
N2 (T4), and the feedback transformer winding N1 (T2).

Hence, both turn-on and turn-off are aided by the incorporation of decoupling
transformers T4 and T5. With the switching interval completed, Q1 is now
conducting and Q2 is turned off. Winding N3 (T2) is now serving as the drive
winding for current feedback transformer T2. The voltage per turn on trans-
former T2 is determined by the forward emitter-base voltage of Q1 and N1 (T2).
Similar to a previous assumption, one now assumes the voltage induced in

T4 is approximately zero due to the cancellation of the amp-turns in N2 (T4)

and N1 (T4). Transformer T5 quickly saturates due to the high voltage impressed
by T1 secondary current flowing in N3 (T5). Thus, once again, it is shown

that the decoupling transformers T4 and T5 do not affect circuit operation

except during switching intervals.

-12-



A similar circuit response is characteristic when Q2 switches on and Q1

switches off.

6. Advantages of This Circuitry

Of prime importance to successful circuit operation is the fact that the
transformers T4 and T5 are reset by the secondary T1 current each respective
haif cycle and therefore do not subtract from the reset applied to T2 on

each half cycle. This also assures sufficient decoupling due to these
transformers. It is also significant that this circuit concept ""accounts"

for changes in input voltage and current. As stated previously, it is desired
that the ampere-turns due to secondary T1 current should be cancelled by
the ampere-turns due to base drive current in the transformer connected

to the conducting transistor. For a specific set of turns ratios, this is
accomplished over the input voltage and current range as the base drive
current and secondary T1 currents are both directly dependent on input
current and, therefore, track each other over the input voltage and output
load range. This is extremely important when considering the input voltage
characteristics of the energy sources normally associated with low input

voltage converters.

It can be seen that the above arrangement removes the clamp effect of the
forward emitter base junction of the conducting transistor from the back
biased transistor. Pulse transformers T4 and T5 effectively decouple the
back biased transistor from the feedback circuit during the initial portion
of the switching interval. In doing so, these pulse transformers provide

a higher back bias voltage to the switching off transistors, and this sweeps
the stored carriers out of the base region swiftly to accomplish more
rapid switching of the power oscillator. A winding N4 and a zener diode
clamp CR6 or CR7 is provided on each pulse transformer T4 or T5 so that
the forward drive voltage applied by T4 or T5 to the conducting transistor

will be limited to a relatively low value. The main forward drive power will

-13-



then be supplied by transformer T2 through either windings N1 or N2. It is
necessary to have T2 provide the main feedback power during the major por-
tion of the cycle in order to maintain the normal induced voltage in the T2
windings. This winding induced voltage is necessary to maintain the off
transistor properly back biased during the quiescient portion of the cycle

after the pulse transformer saturates.

Oscillator switching is provided by negative feedback from output transformer
T1 winding N3 through a saturating reactor L1 and a winding N5 on the current
feedback transformer T2. This arrangement controls the power oscillator
operating frequency proportional to input voltage so that the power trans-
formers are operated at a nearly constant flux density over the input voltage
range. Reactor L1 normally blocks the flow of negative feedback due to a
high reactance. However, after a time interval, it will saturate and the
negative feedback from T1 will be applied to the feedback transformer T2
winding N5 and it will override the inherent positive feedback and cause the
circuit to recycle. During this switching interval, pulse transformers

T4 and T5 will accomplish the desired decoupling between the power
oscillator transistors and will rapidly back bias the switching "OFF"
transistor to a high voltage. This will guarantee rapid switching of the
oscillator. Also during this interval, the choke coil L2 will be reset; force
additional back bias current into the base of the switching off transistors;

and at the same time, it will provide additional forward drive for the
switching '"ON'" transistor.

C. DETAIL DESIGN, 2.5-VOLT CONVERTER (See Figure 4)

1. Feedback Transformer

In the design of the current feedback transformer, the following assumptions

were made:

-14-
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1) Use "Permalloy" as the core material.
2) Design on the basis of a converter frequency of 1KC.
3) Limit the flux density to 25, 000 lines per square inch.

4) Three MHT 2305 transistors operating in parallel will be

used for transistors Q1 and Q2.

5) Drive these transistors to a forced current gain of 28.
N N
_._1 = _g = 28
Ng Ny
6) Assume a base emitter voltage of 0. 55 volt at the 75 ampere

input current condition.

7) The windings carrying the heavy currents (N3 & N4) will consist
of a single turn.

Because the voltage across the transformer is a square wave, the expression

8
AC Vx10 is used to calculate the necessary core area.
4NfB
0.55 x 10° 2
Ac : 3 = - 0196 in

4x28x10°x25x% 10

The toroidal cores chosen for this transformer have an outside diameter of
1. 375", an inside diameter of 1.000'", and a height of 0.25'". With a total
input current of 75 amperes and a forced current gain of 28, the base current
is 2. 68 amperes.

-15-
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Assuming a current density of 1 ma/cir mil #16 wire would be satisfactory

for windings N1 & N2, but because the mechanical factors allowed a larger

size wire and it was desirable to reduce the copper losses #14 wire was

actually used.

2. Power Transformer

The design of the power transformer was based on the following assumptions

and decisions:

1)

2)

3)
4)
5)

6)

Using a toroidal core employing ''Deltamax'' as the core material.

Limiting the flux density to 50, 000 lines per square in.,

thereby maintaining a low value of core loss watts per pound.
Assuming an operating frequency of 1 KC.
Using a core that will allow a single turn primary.

Assume a total primary IR drop, exclusive of transistors, of

5 mv at the 75-amp input condition.

Assume an average transistor saturation voltage of 45 mv.

From these assumptions and design guides, the necessary core was deter-

mined as follows:

Ac

V... x 108

N1

4N1fB

Vi - C Vog(SAT) + IR drop ]

2.5~ [.045+ .005 ] 2. 45 volts

2.45 x 108 2

1.22 in

4x1x10% x50 x 103
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Four cores were used for this transformer and each core had an outside
diameter of 1. 34", an inside diameter of . 665" a height of 1. 135",

and a gross core area of 0.5 inch. Three cores were initially used but
subsequent testing showed that four were needed in order to meet the

efficiency requirements.

The number of turns necessary to obtain the desired output of 50 Vdc at the

2.5-volt, 75-amp input condition was determined as follows:

Primary losses = 0.05 volt (from previous assumptions)
Feedback transformer drop = 0.2 volt

Vp = 2.5-0.07 = 2,43 volts

Diode voltage drop = 0.7 volt

Secondary IR drop assumed to be 0.1 volt

Vs = 50+ .7+ .1 = 50.8 volts

Ns = Vs Np . 50. 8 1 = 20.9,used 21 turns
Vp 2,43

3. Switching Reactor

In order to initiate switching from one transistor to the other, the switching
reactor must pass enough current on saturation to reduce the circuit gain to
less than unity. To accomplish this a winding of 20 turns (N5T2) was placed
on the current feedback transformer and a winding of 2 turns (N3T1) was

added to the output transformer.

The voltage induced in the feedback transformer winding is the same as was

calculated for the 0. 6-volt unit and is 0. 393 volts. (See page 26 for calculation)

-17-
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The voltage induced in the power transformer winding is calculated as follows:

A"

N1

Vs T N3
1
VNl
= 2,43 volts (from previous calculations)

Ny
VN3 = 2x2.43 = 4. 86 volts

The voltage across Ll is then equal to the sum of these two voltages since
the windings are connected series aiding.

VLl = 4,86 + 0.393 = 5,253 volts
The necessary reactor NA product was then calculated on the basis of
using ""Deltamax'' as the core material with a saturating flux density of
100, 000 lines per square inch.

NA 8

(V/4£B) x 10

3 8

x 10%) x 108 = 1.31 turn-in2

NA (5.253/4 x 10

The toroidal core chosen for this application has an inside diameter of
0. 550 in., an outside diameter of 0. 900 in., a height of 0. 125 in. and a

core area of 0.013 inz.

N = 1.31 = 1.31 =2 101 turns

A 0.013

-18-



During subsequent testing of the unit, the number of turns on this inductor
and the interbase inductor L2 were changed to operate the unit at a lower

frequency with a resulting increase in efficiency.

The wire sizes were chosen so that the winding resistances would allow currents

well above the value required to reduce the current gain to zero when L1 saturates.

4, Interbase Inductor (L2)

The design of this component is intimately related to the switching character-
istic of the transistors and the base drive current. Past experience has shown
that, if maximum current through the inductor is approximately 1/4 the base
drive from the current feedback transformer, the inductor will be close to the
optimum value, The actual number of turns on the transformer was deter-
mined experimentally by varying the number of turns and measuring the
efficiency at full load. As stated previously this inductor adds base drive
current from transistor turn on through the first half of the "on'' period

and subtracts base drive during the last half of the "on' period. Although
this inductor reduces the switching losses of the transistor, it tends to
increase the saturation losses so that the optimum inductor is one which

yields the most optimum division of switching and saturation losses.

5, Decoupling Transformer Design (T4 & T5)

Factors affecting the design of these transformers are:

1, Transistor switching time.

2. Ratio of base drive current to load current.

-19-
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The intent of this design was to keep the current feedback transformer
decoupled during the entire turn-off switching interval. The core
chosen for this application is a stainless steel bobbin core wound with 39
wraps of . 125 in x. 001 4-79 MO-PERMALLOY having a saturation flux
density of 6. 2 kilogauss. This core has an inside diameter of . 750" and
a height of 0, 170". The net core area is:

A, = 039 x.125 = 4.9 x 1073 in?
B(sat) = 40,000 lines/in2
BxA = 196 lines

C

To calculate the number of turns required on winding N3, the following

assumptions were made:

1) The transistor switching times would be on the order of

10 u sec.

2) The voltage appearing across N1 would be approximately
3. 0 volts. (Open circuit voltage across T1 secondary less

the output voltage and diode drop. )

The number of turns required on winding N2 is determined by the desired
back bias on transistors Q1 & Q2. The MHT 2305 transistors are rated
for a VBE = 10 volts max.

-20-
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If seven turns are used in winding N2, the reverse bias across the base
emitter junction will be approximately 3. 0 volts plus the voltage across
N2T2, or approximately 3. 55 volts.

To insure proper resetting of the cores, the NI product for winding N1 must
exceed the NI product for winding N3 by a margin sufficient to insure
saturation of the core. The current in N1 is the output current and is cal-
culated as follows:

1 = _in in n = 2,5 x 75 x 0,85

E 50

3. 18 amps

The base current flowing through winding N2 is 3. 45 amps from previous
calculations.

The mean magnetic path length for the core used is 2 inches and the
required magnetizing force required to insure saturation is 0. 25 oersted

or 0.5 AT per inch. The required magnetizing force is then 1 ampere turn.
The required number of turns on N3 was then calculated as follows:

ION3 = IbN1+1
3. 18 N3 =3.45 N1 +1

N3 = (3.45 x 7) +1 = 7,25 turns

3. 48

Windings N4 and associated diodes were added to limit the voltage drop
across N1 on reset to a low value when resetting the core. Using 30 turns

on N4 limits this voltage drop across N1 to approximately 0. 16 volt.

-21-
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D. DESIGN, 0.6-VOLT CONVERTER (See Figure 5)

1. Feedback Transformer

In the design of the current feedback transformer the following assumptions

and decisions were made:

1) Use '"Permalloy' as the core material because of its high

saturation flux density and low losses.
2) Design on the basis of a converter frequency of 1KC.
3) Limit the flux density to 25, 000 lines per square inch.

4) Utilize Honeywell's MH2101 transistor which was designed

especially for use in LIV converters.

5) Drive these transistors at an approximate forced current gain
of 28. [NL - N2 _ 53
N3 N4
6) Assume a base emitter voltage of 0.55 volt at the 100-ampere

input current condition.

7) The winding carrying the heavy currents (N3 and N4) will
consist of a single turn.

Because the voltage across the transformer is a square wave the expression
Ac = Vx 108/4NfB is used to calculate the necessary core area.
» 0.55 x 108
Ac = - = ,0196 in
4x28x 10% x 25 x 10°

2
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Other factors involved in the selection of the core were the window area
necessary to accommodate the co-axial packaging previously designed for
NASA-~GODDARD and adapted for use on this program, and the availability
of the cores.

The toroidal core chosen for this transformer has an outside diameter of

1. 375", an inside diameter of 1.000'", and a height of 0.25". From this

information, the calculated gross core area is 0.0938 in2.

With a total input current of 100 amperes and a forced current gain of 28,

the base current during turn on is IE _ 100

HFE+1 28+1

3. 45 amperes.

Assuming a current density of 1 ma/cir Mil #16 wire was chosen for the
secondary windings (N1 & N2).

2. Power Transformer

The power transformer design was based on the following assumptions and
decisions:

1) Use a toroidal core employing '"Deltamax' as the core material.

2) Limit the flux density to 50, 000 lines per square inch, thereby

maintaining a low value of core loss watts per pound.
3) Assume an operating frequency of 1 KC

4) Use a core that will allow a single turn primary, thereby

eliminating the need to wind multiple turns of heavy wire.

5) Assume a total primary IR drop, exclusive of transistors, of
5Smv at the 100-ampere input condition.

-24-



6) Assume an average transistor saturation voltage at 100 amperes

of 45 mv.

From these assumptions and design guides, the necessary core was determined

as follows:
8
A - VNl x 10
¢ 4N1fB
VNi 5 Vi, - ( Veg (SAT) + IR drop ] = 0.6 - [ .045 +.005] = 0. 55 Volt
0.55 x 108 2
A = = = 0,275 in
¢ 3 3

4x1x 10" x50x 10

The toroidal core chosen for this application has an inside diameter of
1. 16 in., an outside diameter of 2.600 in., a height of 0. 795 in., and a
net core area of 0. 365 inz. Other factors considered in the selection of
this core are the space available in the coaxial designed unit, and the

availability of the cores.

The number of secondary turns necessary to obtain the desired output of
50 Vdc at the 0. 6-volt 100 Adc input condition was determined as follows:

Primary losses = 0.05 volt (from previous assumptions)
Feedback transformer drop = .02 volt
V. = 0.6 -0.07=0,53 volt

p
Diode Voltage drop = 0.7 volt
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Secondary IR drops including transformer and leads = 0.1 volt

Vs = 50+ 0.7+ 0.1 = 50.8 volts
N 1

Ns = Vs =B = 50.8 = 96 turns
v, 0.53

3. Switching Reactor

In order to initiate the switching from one transistor to the other the switching
reactor (L1) must pass enough current on saturation to reduce the circuit gain
to less than unity. To accomplish this, a winding of 20 turns (N5T2) was
placed on the current feedback transformer and a winding of 10 turns (N3T1)

was added to the output transformer.
The voltage induced in the feedback transformer winding is:

A%

5 _ V2 _ Vi
N5 N2 N1

V, = V; = 0.55volt

N2 = N1 = 28 turns

Vg = 20 0.55 . 4,393 volt

28

The voltage induced in the power transformer winding is:

Vi
vV N3 —
N3 N1
Vi
—— = 0.53 volt (from previous calculations)
N1

N3 = 10 turns

VN3 = 5,3 volts
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The voltage across the inductor, L1, is then equal to the sum of these two

voltages since they are connected series aiding.

VLl = 5.3+ 0.358 = 5.658 volts

The necessary reactor NA product was then calculated on the basis of using
"Deltamax'' as the core material with a saturating flux density of 100, 000

lines per square inch.

8

NA (V/41fB)x 10

3

NA = (5.658/4x 10° x 10°) 10% = 1.42 turn - inch?

The toroidal core chosen for this application has an inside diameter of

0. 550 in., an outside diameter of 0. 900 in., a height of 0. 125 in., and a

net core area of 0.013 inz.

N = 1242 - 109 turns

0.013

During subsequent testing of the unit, the number of turns on this inductor
and the interbase inductor L2 were changed to operate the unit at a lower
frequency with a resulting increase in efficiency. This was possible because
of the conservative selection of the cores for the input and feedback trans-

formers.
The wire sizes were chosen so that the winding resistances would allow

currents well above the value required to reduce the current gain to zero

when L1 saturates.
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4, Interbase Inductor(L2)

The design of this component was determined experimentally as described

in the design of the 2. 5-volt unit.

5. Decoupling Transformer (T4 & T5).

Factors effecting the design of these transformers are:

1, Transistor switching time.

2. Ratio of base drive current to load current.

The intent of this design was to keep the current feedback transformer
decoupled during the entire turn-off switching interval. The core chosen

for this application is a stainless steel bobbin core wound with 39 wraps of

. 125 x . 001 4-79 MO-PERMALLOY having a saturation flux density of 6. 2
kilogauss. This core has an inside diameter of . 750" and a height of 0.170".

The net core area is:

A, = .039x.125=4.9x 1073 in?
B(sat) = 40,000 lines/in>

Bx AC = 196 lines

To calculate the number of turns required on winding N3, the following

assumptions were made:

1) The transistor switching times would be on the order of
10 u sec.
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2) The voltage appearing across N1 would be approximately 5
volts. (Open circuit voltage across T1 secondary less the
output voltage and diode drop.)

8
N3 = 5 x 10 = 11.5 turns

4.44% —1  x 196

20 x 10”8

The number of turns required on winding N2 is determined by the desired
back bias on transistors Q1 & Q2. The MHT 2101 transistors are rated
for a VBE = 13 volts max.

If three turns are used in winding N2, the max reverse voltage across the
base emitter junction, even if the entire output voltage of 50 volts is
developed across N1, is 12.5 volts. During normal operation, the back
bias will be 1.2 volts plus the voltage across N2 T2, or approximately 1.7
volts.

To insure proper resetting of the cores, the NI product for winding N1 must
exceed the NI product for winding N3 by a margin sufficient to insure satur-
ation of the core. The current in N1 is the output current and is calculated
as follows:

E_xI
I = in ~ "in 1,]=O.6x100x0.8=.Qeamp

E 50

The base current flowing through winding N2 is 3. 45 amps from previous

calculations.
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The mean magnetic path length for the core used is 2 inches and the required
magnetizing force required to insure saturation is 0.25 oersteds or 0.5 AT

per inch. The required magnetizing force is then 1 ampere turn.

The required number of turns on N3 was then calculated as follows:

IoN3 = IbN1+1

.96 N3 = 3.45 N1+ 1

(3.45x 3) + 1
. 96

N3 11. 8 turns

Winding N4 and associated diode were added to limit the voltage drop across
N1 on reset to a low value when resetting the core. Using 12 turns on N4

limits this voltage drop across N1 to approximately 0. 7 volt.

-30-
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IV. TEST RESULTS

The test results are included in two reports in the Appendix. OEXM 11, 405
details the test results of the 2. 5-volt converter., OEXM 11, 436 details the

test results for the 0. 6-volt converter.

Some difficulty was encountered in obtaining an accurate measurement of the
efficiency of the 0. 6-volt unit. The main cause of this difficulty, was the

problem of accurately measuring the input power to the system.

During switching there is a period of time (approximately 15 micro seconds)
during which both transistors Ql and Q2 are turned off. This reduces the
input current to zero; and because of input lead inductance and the regulation

of the power source, the input voltage raises to a high spike value.

These input voltage and current wave shapes affect the voltage and current
readings in the dc instruments which are used to measure the input. These
readings yield calculated input powers that are greater thanthat actually
being applied to the unit.

Ideally, a wattmeter would be used to establish the input power consumption;

but wattmeters in this range were not available. Without wattmeters for measur-
ing the input power, the true integral of the instantaneous product of the voltage
and current cannot easily be established unless the load is ohmic (i = ke), and
therefore the product of the average values of the current and voltage does not
equal the average of the product. In this case, the current was at or near

zero when the voltage shows a spike.

1 t t
(L edt) (L iat) # L eidt
T = T

o] (o] o
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A considerable period of time was spent in trying to eliminate these voltage
spikes by adding capacitance and shunt resistors across the power source
output terminals but with little success. The fact that the input currents are

so high requires very large capacitors to absorb the currents during this short
period. Since the period is short, the inductance of the capacitors has to be
very low to allow the charge to be accepted within the time allowed. Significant
reductions of the voltage spike could not be achieved by adding capacitance.

In order to more properly measure the input power to the converter, the input
voltage was measured on a calibrated oscilloscope so that the voltage spike
(which occurred at zero current and zero power input) could be ignored. The
above testing procedure was necessary only on the 0. 6-volt model. The
transients present in the higher voltage model were less in actual magnitude
(possibly because of lower current levels) and in terms of percentage change
they were much less than the transients noted in testing the 0.6 -volt model.
The problems involved in testing the 0. 6-volt model prohibited as extensive

testing as for the 2. 5-volt model.

The low value of load regulation and the difficulty of accurately measuring the
input voltages precluded any accurate measurement of the output impedance
level. The unit design minimized the output impedance to such an extent that
output voltage regulation for load changes became difficult to measure and

verify.

The regulation of the power source was much greater than that of the con-
verter. The change in loading on the power source caused changes in the
wave shape and in the apparent input voltage to such an extent that the

measurements do not appear meaningful unless the source is standard or

specified.
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RECOMMENDATIONS FOR FURTHER IMPROVEMENTS

It is our recommendation that further investigations in low input voltage

conversion be directed toward the following:

Adding voltage regulation and overload or short circuit protection
circuitry. Excellent efficiencies have been achieved on other units

by utilizing pulse width modulation type regulators.

Designing to meet the various environmental conditions likely
to be encountered such as temperature extremes, radio

frequency interference, and shock and vibration.

Designing the converter for operation with a specific power
source and considering such things as optimizing the input lead

resistance and conducting heat transfer tests.

Consideration should be given to the possibility of using the high
frequency diffused base type transistors in the higher input voltage
units. Operation in the 3-20kc range appears feasible with these
units and a corresponding reduction in weight and volume would

be achieved.
Where there is a requirement for minimum magnetic field

disturbance, further study of the coaxial design would be

required.
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OEXM 11,405

Page 2
— (A
“ LIV \Az)
Conve r*'th R,
L ’
_:_L/ o-3v
b ar maad
[ 4
P Rz

Figura 1

Test Cipecuit

The converter was weighed on an analytic balance and weighed 1892,289 £m
(4.20 1bs), The overall dimensions from the terminal lug tips to the

banana jack tips, and base plate side to base plate side were then made
and are shown in Figure 2.

s ~.l 23]

]
| e @
(/é—

€ ] J__@ ®

Top View Fud V/lew

Figure 2
Physizal Dimensions

RESULTS

The data obtained is listed in the three attached data shaets. The iaput
currant with no load connectaed is listed as being zere on the data shests
but was actually that listed in Table I below, A% room zwbient and +150°F
with no output load conneciad, the unit did not go into a switching mode
aind only a high frequency damped oscillation appearzd on the oscilloscope.

gllh

“Input Voltage T femparature T
e o, TBSPF  TSOF  +160°F
2.0V 1.33 0.1 0.28
2.5V 1.55 0.1 0.30
L3ov LT 0.1 930
TABLE ¥

No Load Input Cuprent in Amperes
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OEXM 11,405
Page 3

INSTRUMENTATION
Vy = 0=3.0 V, Weston #931 (158-016)
V2 = 0-50V and 0-100V, Weston #931 (158-027)
431 = 0-10A and 0-100A, Weston #931 (102-0u43)
A2 = 0-0.5A and 0=5A, Weston #931 (102-00%4)
C3 = 3u,000 uf @15v, Mallory #CG3u43ul5F1
R, = 27 , 5A Slidewire, Jagabi (144-029)
Ry = 108 s 2.3A Slidewire, Jagabi (1u4-034)
Ry = 900 , 0,7A Slidewire, Jagabi (144-039) _
Ry = 50 mV meter shunt for Ay, Weston (102-020 and 102-050)

Tecktronix #504 Oscilloscope (138-029)
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